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doi:10.1016/j.ejvs.2010.08.014Abstract Objective: This study aimed to determine the effect and mechanisms of remote
postconditioning (RPC) upon ischaemiaereperfusion injury (IRI) in the ischaemic mouse hin-
dlimb.
Design: RPC is the brief application of ischaemia to remote organs immediately before reper-
fusion of an ischaemic target organ, and it is a novel approach to IRI attenuation.
Materials and methods: Right hindlimb ischaemia was induced in mice using a rubber tourni-
quet, the release of which initiated reperfusion. We established RPC by 5 min of ischaemia fol-
lowed by 5 min of reperfusion in the left hindlimb immediately before right hindlimb
reperfusion. The wet/dry ratio of skeletal muscle (degree of tissue oedema), myeloperoxidase
(MPO) activity (accumulation of neutrophils), and nitroblue tetrazolium reduction (tissue
necrosis) were evaluated. We also intra-peritoneally injected 8-sulphophenyltheophylline
(SPT), an adenosine receptor inhibitor, in RPC mice.
Results: Wet/dry ratio, MPO activity and tissue necrosis were significantly lower in the RPC
group than in the control group, and injection of SPT impaired the protective effect of RPC.
Conclusions: Our results show that RPC attenuated IRI in murine hindlimb ischaemia, possibly
through endogenous adenosine receptor activation, and that RPC might serve as a promising
therapeutic option for treating serious limb ischaemia.
ª 2010 European Society for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.Skeletal muscle ischaemiaereperfusion injury (IRI) can
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Remote Postconditioning Reduce Reperfusion Injury 805Blood flow must be resumed to salvage ischaemic tissue, yet
reperfusion itself paradoxically further damages ischaemic
tissue.
Ischaemic pre-conditioning defined as a brief period of
ischaemia followed by reperfusion that increases ischaemic
tolerance to a subsequent longer ischaemic period, was first
identified in the canine heart byMurry et al. in 1986,2 and has
since become established as a strategy to reduce IRI in
various organ systems.3e5 Remote pre-conditioning, which is
the application of brief ischaemia to distant organs before
target organ ischaemia, is also effective.6e8 Despite this, the
use of ischaemic pre-conditioning is limited by the need to
apply it before unanticipated ischaemic events appear.
Remote postconditioning (RPC), which is the application of
brief ischaemia to distant organs after ischaemic insult and
before the reperfusion of a target organ, has recently been
advocated. Kerendi et al. reported that brief renal ischaemia
and reperfusion applied before coronary artery reperfusion
reduces the size of myocardial infarcts in rats9 and Gritso-
poulos et al. described that short-term occlusion of the
carotid artery produces the same effects in rabbits.10 These
protocols allow the initiation of therapy after the onset of
ischaemia, which renders RPC appropriate for unexpected
ischaemic events.
Several factors might be responsible for pre-conditioning
and postconditioning, including adenosine, opioid, brady-
kinin and ATP-sensitive Kþ channels.11,12 Adenosine is
considered an initiation trigger for pre-conditioning, as it is
an important regulatory agent that exerts cytoprotective
effects via the activation of G-protein-coupled receptors.13
Liu et al. found that 8-sulphophenyltheophylline (SPT), an
adenosine receptor inhibitor, reduces the protective effect
of pre-conditioning in the rabbit heart.14 However, the
effects and possible mechanisms of RPC in IRI of ischaemic
limbs has not been elucidated.
This study tests the hypotheses that contralateral limb
ischaemia applied immediately before the onset of target
limb reperfusion prevents ischaemiaereperfusion injury of
the target limb and that the effects depend on the acti-
vation of adenosine receptors.
Materials and Methods
Animals
Ten-week-old male C57BL/6 mice, weighing 23e25 g, were
purchased from Japan SLC (Shizuoka, Japan). The Kyoto
University Animal Experiment Committee approved the
experimental protocol. Animal care complied with the
Guide for the Care and Use of Laboratory Animals, Institute
of Laboratory Animal Resources, Commission on Life
Sciences, National Research Council.
Induction of acute IRI in the mouse hindlimb
Mice were anesthetised with intra-peritoneal pentobarbital
(60 mg kg1) and then the fur was completely shaved from
both hindlimbs to facilitate measurements of limb perfu-
sion. Body temperature was maintained at 37 C with
a heating pad during anaesthesia. As much as 30 min later,
right hindlimb ischaemia was induced for 3 h using a naturalrubber tourniquet (diameter, 1.5 mm; Misasa Inc., Osaka,
Japan), wrapped twice around the proximal thigh, followed
by 24 h of reperfusion, which was started by releasing the
tourniquet all at once. The reperfusion was automatically
induced with own blood flow of mice. The cessation and
restoration of arterial blood flow were confirmed using
a laser Doppler perfusion image (LDPI) analyser (Moor
Instruments, Devon, UK). The mice remained anaesthetised
throughout the ischaemic period. The mice were returned
to cages and were provided with free access to food and
water during reperfusion.
Establishment of RPC
RPC was established by 5 min of ischaemia followed by 5 min
of reperfusion of the left hindlimb immediately before that
of the right.
Experimental groups
Study 1. Investigation of the effect of RPC in skeletal
muscle
The animals were randomised to the following groups:
Sham (no ischaemia in bilateral legs), Control (right leg
ischaemia for 3 h followed by 24 h of reperfusion) and RPC
(right leg ischaemia for 3 h followed by 24 h of reperfusion
accompanied by two cycles of RPC in the left hindlimb
immediately before reperfusion of the right) (Fig. 1(a)).
Study 2. Investigation of the role of adenosine receptors
in RPC of skeletal muscle
The adenosine receptor inhibitor, SPT, (20 mg kg1; Sig-
maeAldrich, St. Louis, MO, USA) was dissolved in saline to
2.5 mg ml1 immediately before use. An additional RPC
group was intra-peritoneally injected with SPT 30 min
before right hindlimb reperfusion (Fig. 1(b)).
Evaluation
At the end of reperfusion, the animals were euthanised
with pentobarbital sodium (200 mg kg1), and the right
hindlimbs were harvested. All mice were alive before the
euthanisation. Sham animals were manipulated in precisely
the same manner except that no rubber bands were applied
(n Z 8e10 per group).
Tissue oedema
The extent of skeletal muscle oedema was determined by
measuring the ratio of the wet to dry tissue weight (sham,
n Z 8; control and RPC, n Z 10). After 24 h of reperfu-
sion, muscle samples were immediately weighed (wet
weight) and then dried in an oven at 55 C until the weight
remained constant (36e48 h). Tissue oedema was detec-
ted as a relative increase in the ratio of wet to dry weight.
Myeloperoxidase (MPO) activity
Neutrophil infiltration after reperfusion injury was assessed
as an increase in tissue MPO enzymatic activity (sham,
nZ 10; control, nZ 9; RPC, nZ 8). Mouse muscle samples
exposed to 3 h of ischaemia followed by 24 h of reperfusion
were weighed, snap-frozen in liquid nitrogen and then
Figure 1 Experimental groups. 1. Control: Right hindlimb ischaemia for 3 h followed by 24 h of reperfusion; 2. Remote post-
conditioning (RPC): Right hindlimb ischaemia for 3 h followed by 24 h of reperfusion and two cycles of RPC (5 min ischaemia and
5 min reperfusion) in left hindlimb immediately before reperfusion of the right; 3. Remote postconditioning þ SPT: same protocol
as RPC group, but 8-sulfophenyltheophylline (SPT; 20 mg/kg) intra-peritoneally administered 30 min before starting right hindlimb
reperfusion.
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in ice-cold potassium phosphate buffer containing 1 mM
phenylmethanesulphonylfluoride (PMSF), 1 mg ml1 leu-
peptide and 28 mg ml1 aprotinine (pH 7.4) using a POLY-
TRON (Kinematica, Lucerne, Switzerland). The
homogenates were clarified by centrifugation at 2000 rpm
for 15 min at 4 C and then, MPO activity was assayed in the
supernatants using the Mouse MPO enzyme-linked immu-
nosorbent assay (ELISA) kit (Hycult Biotechnology, Uden,
the Netherlands), according to the manufacturer’s
instructions. Absorbance measured at 450 nm was
compared with a standard curve using a microplate reader
at room temperature.
Muscle necrosis
Muscle necrosiswas assessedbynitroblue tetrazoliumstaining
(sham, nZ 8; control, nZ 9; RPC, nZ 9; RPCþ SPT, nZ 8).
Muscle samples from mice exposed to 3 h of ischaemia fol-
lowed by 24 h of reperfusion were immediately cut into three
slices and incubated in 0.05% nitroblue tetrazolium for 20min
in the dark. Viable muscle stained deep blue, whereas non-
viable muscle remained pale and unstained (Fig. 2). The
proportion of necrosis on both sides of fixed slices was quan-
tified using IPLab imaging software (Version 3.71 forWindows;
Scanalytics Inc., Rockville, MD, USA).
Statistical analysis
All data are expressed as means  standard deviation and
as ranges. Differences between groups were assessed by an
analysis of variance, followed by post hoc comparisons
using the Bonferroni/Dunn method. All data were analysed
using StatView software (Abacus Concepts, Inc., Berkeley,
CA, USA).Results
Study 1
The ratio of the wet to dry weight of muscle was lower in
the RPC group than in the control group (6.0  0.7
(4.9e7.1) vs. 6.7  0.6 (6.0e7.5); P Z 0.007). The degree
of oedema in the control and RPC groups was higher than
that of the sham group (4.0  0.4 (3.6e4.7), P < 0.001;
Fig. 3).
RPC decreased the amount of MPO activity in skeletal
muscle compared with the control group (921  310 U g1
(398.4e1390.8) vs. 1213  213 U g1 (999.4e1481.3);
P Z 0.008). Levels of MPO activity were higher in both the
control and RPC groups compared with the sham group
(73  23 U g1 (55.5e133.0), P < 0.001; Fig. 4).
The extent of muscle necrosis in the RPC group was
significantly lower than that in thecontrol group(31.827.5%
(4.0e66.3) vs. 84.1  21.0% (43.4e99.5); P < 0.001). The
degree of muscle necrosis in both of these groups was higher
than that in the sham group (1.9 0.7% (0.8e2.8), PZ 0.008
and P < 0.001, respectively; Fig. 5).
Study 2
RPC together with the SPT injection (67.0  29.5%
(16.3e93.3)) abrogated the protective effect of RPC alone
(P < 0.001; Fig. 5).
Discussion
RPC decreased tissue oedema, MPO activities and tissue
necrosis of IRI in the murine hindlimb, and the adenosine
Figure 2 Gastrocnemius muscles stained with nitroblue tetrazolium. Viable muscle is obviously stained, and non-viable muscle is
pale and unstained.
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necrosis caused by RPC. These results indicate that RPC
reduces IRI damage to the murine hindlimb through an
adenosine-dependent mechanism.
Among several suggested protocols for RPC, the major
distinguishing feature is whether distant organ ischaemia
and reperfusion are applied before or after reperfusion of
a target organ. Kerendi et al. reported that brief renalFigure 3 Ratio of wet to dry muscle weight after 3 h of
ischaemia and 24 h of reperfusion in murine hindlimb IRI. Data
are means  SD; sham, n Z 8; control and RPC, n Z 10.ischaemia and reperfusion applied just before coronary
artery reperfusion reduces the size of myocardial infarcts in
rats.9 On the other hand, Gritsopoulos et al. described that
short-lived occlusion of the carotid artery after reperfusion
of the coronary artery decreases the size of myocardial
infarcts in rabbits.10 Both reports describe these methods as
‘remote postconditioning’. Furthermore, Eberlin et al.
demonstrated sequential ischaemia in the contralateral limb
as ‘remote postconditioning’ of murine skeletal muscle.15 A
total of 2 h of contralateral limb ischaemia following 20 min
of reperfusion after initial limb ischaemia protected the
initially ischaemic limb, whereas injury to the secondarily
ischaemic limbwas severe. Therefore, this protocol requires
further consideration before it can be clinically applied.
Here, we produced ischaemia and reperfusion in the
opposite hindlimb immediately before reperfusion of the
target limb. We tested a protocol comprising two cycles of
5 min of ischaemia and 5 min of reperfusion. The degree
of necrosis after RPC with one such cycle was slightly
reduced compared with the control group (57.7  33.7% vs.
84.1  21.0%; P Z 0.008), whereas two cycles significantly
reducedmuscle damage. Further investigation is required to
identify the optimal protocol with due regard to the impor-
tance of urgent reperfusion of ischaemic limbs, and to pre-
venting iatrogenic damage to the contralateral limb.
RPC confers three clinical advantages. First, it can be
applied after the onset of sudden ischaemic events. The
protective effects of ischaemic pre-conditioning and ischae-
mic remote pre-conditioning have been elucidated experi-
mentally; however, they have limited application (elective
vascular surgery, for example) given the need to treat before
ischaemia. Because the period before perfusion is resumed
after sudden arterial thrombosis and vascular trauma lasts
Figure 4 Muscle neutrophilic myeloperoxidase activity after
3 h of ischaemia and 24 h of reperfusion in murine hindlimb IRI.
Data are means  SD; sham, n Z 10; control, n Z 9; RPC,
n Z 8.
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might become an effective adjuvant therapy for these
problems. Second, upper limb ischaemia can be simply
induced with low risk by inflating a blood pressure cuff.
Intervention in a diseased artery is undesirable, because of
the risk of inducing iatrogenic thrombosis and vascular injury.
Arteriosclerosis is generallymilder inupper, than lower limbs;
hence, brief compression of brachial artery is acceptable.
Third, this procedure could be cost-effective because it can
be achieved with routinely available equipment, and unique
drugs are not required.Figure 5 Muscle necrosis after 3 h of ischaemia and 24 h
of reperfusion in murine hindlimb IRI. Adenosine receptor
inhibitor, 8-sulfophenyltheophylline (SPT, 20 mg/kg), was intra-
peritoneally injected at 30 min before right hindlimb reperfu-
sion. Data are means  SD; sham, nZ 8; control, nZ 9; RPC,
nZ 9; RPC þ SPT, nZ 8.Several investigators have suggested that adenosine
receptor activation is involved in the protective effects of
ischaemic pre-conditioning. Ischaemic tissue rapidly
degrades adenosine triphosphate (ATP) to adenosine, which
subsequently activates protein kinase C via phospholipases.
These events lead the activation of mitochondrial ATP-
sensitive Kþ channels that might be the end effectors.16
Adenosine is also considered to play an important role in
mediating the protective effect of remote pre-condi-
tioning. Three putative mechanistic pathways have been
proposed to explain how remote organs are protected.17
The humoral theory suggests that adenosine released into
the bloodstream by ischaemic tissue binds to receptors in
remote organs, which in turn triggers the intracellular
pathway that mediates protection.
The neural theory suggests that adenosine released by
ischaemic tissue activates local afferent nerves, which in
turn activates efferent nerves to protect remote organs.18,19
The inflammatory suppression theory suggests that
adenosine released from ischaemic tissue suppresses the
systemic inflammatory response.20,21 Because neutrophils
are believed to play an important role in IRI, we assessed
neutrophil infiltration as an increase in tissue MPO activity.
We found that RPC reduced MPO activity after 24 h of
reperfusion. This indicates that RPC attenuated neutrophil
accumulation, which might represent one of the mecha-
nisms through which RPC conferred a protective effect
against IRI.
Due to the dearth of information about RPC, little has
been reported about its mechanism of action.We found here
that the non-selective adenosine receptor antagonist, SPT,
suppressed the reduction in the degree of necrosis induced
by RPC, which makes the adenosine-mediated mechanism
convincing. Our results empirically showed that RPC protects
skeletal muscle through adenosine-dependent mechanisms.
The present study has several limitations. We used young
healthy mice, although ischaemic events tend to occur in
the aged and diseased populations. The effects of ischae-
mic conditioning might be negated or inhibited by ageing,
disease states such as diabetes or hyperlipidaemia and
drugs that are commonly administered to such patients.
These factors might explain the unsatisfactory results of
clinical trials of ischaemic conditioning.22 We used pento-
barbital for anaesthesia, which might affect the microcir-
culation, and we did not use heparin, but confirmed that
the blood flow in both limbs was similar before and after
ischaemia using an LDPI analyser. However, we have to
consider thrombosis in a contralateral limb induced by RPC
in the clinical environment. Because we did not construct
doseeresponse curves for SPT, we cannot provide data
about other doses. Further studies are required to address
the above limitations.
In conclusion, RPC applied just before reperfusion
attenuates damage caused by IRI in the murine hindlimb,
and adenosine seems to be involved in this process. Further
investigations are required to clarify the optimal protocol
and define the mechanistic pathways of RPC.Conflict of Interest/Funding
None.
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